suggests that IbpB, although binding to a wide range of cellular proteins, has a remarkable substrate preference for translation-related proteins (e.g., ribosomal proteins and amino-acyl tRNA synthetases) and moderate preference for metabolic enzymes. Further, these two classes of proteins were found to be more prone to aggregation and/or inactivation in cells lacking IbpB under stress conditions (e.g., heat shock). Together, our in vivo data offer novel insights into the chaperone function of IbpB, or sHSPs in general, and suggest that the preferential protection on protein synthesis machine and metabolic enzymes may dominantly contribute to the well-known protective effect of sHSPs on cell survival against stresses.
Small heat shock proteins (sHSPs), as ubiquitous molecular chaperones found in all forms of life, are known to be able to protect cells against stresses and suppress the aggregation of a variety of model substrate proteins under in vitro conditions. Nevertheless, it is poorly understood what natural substrate proteins sHSPs act upon in living cells. Here by using a genetically incorporated photo-crosslinker (Bpa), we identified a total of 95 and 54 natural substrate proteins of IbpB (a sHSP from Escherichia coli) in living cells with and without heat shock, respectively. Functional profiling of these proteins (110 in total) suggests that IbpB, although binding to a wide range of cellular proteins, has a remarkable substrate preference for translation-related proteins (e.g., ribosomal proteins and amino-acyl tRNA synthetases) and moderate preference for metabolic enzymes. Further, these two classes of proteins were found to be more prone to aggregation and/or inactivation in cells lacking IbpB under stress conditions (e.g., heat shock). Together, our in vivo data offer novel insights into the chaperone function of IbpB, or sHSPs in general, and suggest that the preferential protection on protein synthesis machine and metabolic enzymes may dominantly contribute to the well-known protective effect of sHSPs on cell survival against stresses.
Molecular chaperone proteins are essential for cells to maintain protein homeostasis by assisting the folding/assembly of other proteins as well as the degradation of their misfolded forms (1) . Small heat shock proteins (sHSPs), a molecular chaperone family with a polypeptide size of 12-43 kDa, are ubiquitously found in prokaryotes, archaea and eukaryotes (2) (3) (4) , and their functions are linked to development, aging and diseases in animals (5) (6) (7) (8) . The sHSPs are known to suppress protein aggregation and to hold the substrate proteins in a folding-competent state, which might be subsequently refolded with the assistance of other ATP-dependent molecular chaperones (9) (10) (11) (12) (13) (14) (15) (16) . Certain members of sHSPs were also reported to protect cell membranes from stress-induced damages (17) (18) (19) . As such, the sHSPs are considered as the first line of defense against stress-induced cellular damages (20) (21) , and when over-expressed, were found to be able to increase cell tolerance against various stress treatments (8, (22) (23) (24) . The primary structures of sHSPs are characterized by possessing a conserved α-crystallin domain of approximately 100 amino acids, which is flanked by a highly variable N-terminal arm and a short flexible C-terminal extension (2) . Under in vitro conditions, sHSPs are often found to assemble as large oligomers of 12-40 subunits, using dimers as the building block (20) .
It was two decades ago when sHSPs were reported to exhibit chaperone-like activity (9, 16, 25) . Since then, although the chaperone-like activities of sHSPs have been studied extensively (as reviewed in Ref (20, 26 ) and the references therein), most studies (including ours (27-31)) were performed under in vitro conditions and using a variety of model substrate proteins. Nevertheless, identification of their in vivo substrate proteins and characterization of their roles towards these natural substrates are of greater importance. In two attempts using conventional co-purification, a total of 13 proteins were identified to interact with cyanobacterium Synechocystis Hsp16.6 in heat shocked cells (32) and around 100 proteins were identified to co-aggregate with purified bacterium Deinococcus radiodurans Hsp20.2 in the heated cell extract (33). In addition, a few more proteins, including ubiquitin-conjugating enzyme, proteasomal subunit, F-box protein, myotonic dystrophy protein kinase, initiation factor 4G, actin and intermediate filament proteins, have also been reported to interact with sHSPs in different systems (as reviewed (32) and the references therein).
We recently characterized the substrate-binding residues of IbpB (34), a representative sHSP from Escherichia coli (E. coli) that confers cell resistance against stresses (11-12, 16, 31-32, 36-40) , by using in vivo site-specific photo-crosslinking as mediated by the genetically incorporated unnatural amino acid p-benzoyl-L-phenylalanine (Bpa) (35). As a continuous effort, we attempted to identify the substrate proteins that IbpB binds in living cells, as captured by such in vivo photo-crosslinking, which was successfully utilized in identifying unknown protein-protein interactions (36-37). By contrast to conventional non-covalent co-purification (32-33), the in vivo photo-crosslinking approach apparently has such advantages as covalently capturing those transiently or weakly interacting proteins, as well as facilitating the subsequent protein purification under denaturing conditions (e.g., in the presence of 8 M urea) that would efficiently remove proteins indirectly bound to the bait protein.
We here report the identification of a total of 110 substrate proteins of IbpB in living cells. Remarkably, we found that IbpB exhibits a high substrate preference for translation-related proteins and a moderate preference for metabolic enzymes. We further demonstrated that representative translation-related proteins and metabolic enzymes are more prone to aggregate in cells lacking IbpB under stress conditions. Together, our in vivo data offer critical insights into the chaperone function of sHSPs in cells.
purification-Coding sequences for EF-Tu and TnaA were amplified from E. coli genomic DNA and cloned into the pBAD plasmid at the sites of NcoI and HindⅢ, with a tag of six histidines at the C-terminal. The plasmids for expressing Bpa variant proteins of IbpB with a tag of six histidines were constructed as we described previously(34). EF-Tu-His and TnaA-His recombinant proteins were expressed in wild type BW25113 E. coli cells, purified using Ni-NTA affinity chromatography (GE Health) and then subjected to polyclonal antibody production in mouse.
Bpa-mediated in vivo photo-crosslinking, purification of photo-crosslinked products and LC-MS/MS analysis-Bpa variant proteins of IbpB were expressed in ΔibpB BW25113 E. coli cells and Bpa-mediated in vivo photo-crosslinking was performed as we described recently (34). Briefly, the cells (cultured at 30°C or heat shocked at 50°C for 30 min) were transferred to a glass plate of 20 cm in diameter and pre-cooled on ice before being subjected to UV irradiation at 365 nm for 5 min using a Hoefer UVC 500 cross-linker. The cells were maintained on ice (4°C) during UV-irradiation so as to eliminate the potential temperature effect on such photo-crosslinking process and also to minimize the heating effect of the UV irradiation. The photo-crosslinked products of IbpB were purified by Ni-NTA affinity chromatography under denaturing conditions (i.e., in the presence of 8 M urea). The F16Bpa variant without in vivo photo-crosslinking was purified by the same procedure and taken as the controls. The purified products were concentrated with Amicon Ultra-15 Centrifugal Filter Unites (Millipore) to a final volume of 500-1000 µl. Samples were then subjected to 10% Tricine SDS-PAGE, and detected with Coomassie blue staining. All the gel bands except IbpB monomers were cut for LC-MS/MS analysis (38-39), similarly with we recently reported (40). Proteins were identified by running MASCOT (http://www.matrixscience.com) against the entire NCBI database. The proteomic analysis of each gel region was performed in duplicate, and only those proteins which were found in both independent experimental runs were selected as identified hits. MASCOT score was calculated according to the earlier report (41 o C for 4 h before harvested. Cells were washed and lysed by sonication. Unbroken cells and cell debris were removed by centrifugation at 5000 g for 10 min. Cell extract was then centrifuged at 15000 g for 30 min to obtain soluble fraction (supernatant) and insoluble fraction (pellet of protein aggregates). All the fractions were analyzed by Tricine SDS-PAGE and immunoblotting using antibodies against the specified proteins. In particular, the protein aggregates were subjected to protein identification by LC-MS/MS. activity was assayed by measuring the capacity of purified His-tagged IbpB (0.5 mg/ml) to suppress the heat-induced aggregation of purified TnaA-His (0.5 mg/ml) in 50 mM sodium phosphate buffer (pH 7.2) at 50ºC. Aggregation was monitored on a UV-8500 spectrophotometer (Shanghai, TechCorp) at 360 nm. The temperature was controlled by connecting the cell surrounding the cuvette to a Multi-temp Ⅲ waterbath (Amersham Biosciences).
Catalase activity assay-Cells were washed for three times with 50 mM sodium phosphate buffer (pH 7.4) and resuspended in the same buffer for subsequent sonication. Cell lysates were centrifuged at 15000 g for 10 min to obtain cell extract. The catalase activity was determined by adding 7 mM H 2 O 2 to the cell extract and then immediately recording the absorbance at 240 nm on a UV-8500 spectrophotometer (Shanghai Tech Corp). Three independent experiments were performed.
Immunodetection of protein-bound carbonyl groups-Cell lysates were subjected to Tricine SDS-PAGE and the gel was incubated with 2, 4-dinitrophenylhydrazine (DNPH) for 15 min. The DNPH-derivatized proteins were immunodetected by anti-DNP antibodies (Sigma). Tables 2 and S7 .
Bioinformatics analysis-Protein

Results
IbpB preferentially functions under heat shock condition
Over-expression of IbpB was reported to confer E. coli cell resistance to oxidative, heat shock and ethanol stresses (43). To find out the most physiologically relevant condition for identifying the in vivo substrate proteins of IbpB, we first examined the induction effect of these stresses on the protein level of endogenous IbpB in cells. Data presented in Fig.  1A clearly indicate that whereas the basal protein level of IbpB was marginally detectable in non-stressed cells, it was significantly increased after the cells were treated by H 2 O 2 , heat shock or ethanol stresses. The induction effect of heat shock was apparently stronger than that of H 2 O 2 and ethanol (lane3 verse lanes 2 and 4; Fig. 1A ), implicating that IbpB is more functionally relevant to the heat shock stress.
To further address this question, we took advantage of in vivo photo-crosslinking to characterize the interactions of IbpB with cellular proteins in living cells under different stress conditions. For this purpose, Y45Bpa was selected from the 71 Bpa variants of IbpB we generated earlier(34), as this variant was photo-crosslinked exclusively as IbpB homo-oligomers in non-stressed cells ((34)or referring to Fig. 1B) . We observed that the interaction of the Y45Bpa variant with cellular proteins, as reflected by its photo-crosslinked products (exception of crosslinked homo-oligomers), was substantially enhanced under heat shock condition (lane 6 in Fig. 1B ) but only slightly increased under H 2 O 2 -and ethanol-induced stress conditions (lanes 3 and 9). Similar results were obtained (Fig. S1A) when the in vivo photo-crosslinked products of another two Bpa variants (F4Bpa and M10Bpa) were analyzed. Together, these observations suggest that, although it also functions under H 2 O 2 -and ethanol-induced stress conditions, IbpB preferentially functions under the heat shock condition, in line with our earlier studies showing that the in vitro chaperone activity of IbpB was remarkably regulated by temperature (30-31).
Identification of proteins bound to IbpB in living cells with or without heat shock as captured by site-specific photo-crosslinking and characterized by mass spectrometry Our earlier study revealed at least 48 residues of IbpB participating in substrate-binding(34). Further, these 48 substrate-binding residues were classified into three types: type I (20 residues) generally being located in the N-terminal arm and capable of mediating substrate binding at both low and heat shock temperatures; type II (21 residues) being only activated at the heat shock temperature; type III (7 residues) being involved in oligomerization at a low temperature (30 o C) but switching to temperatures. In addition, these five residues are positioned at the three characteristic domains of IbpB, with F16 and N25 being located at the N-terminal arm, Y45 and R67 at the α-crystallin domain, and A139 at the C-terminal extension. Further, the chaperone activities of these five Bpa variants were largely comparable with that of the wild type IbpB protein(34), and their relatively high expression levels (34) also enabled us to obtain enough amount of proteins for the subsequent protein identification experiment. Together, we consider the total proteins identified from these variants somehow represent a full picture of IbpB-bound proteins, although such representations may not be exhaustive.
The bound proteins, being photo-crosslinked to IbpB Bpa variants (Fig. S1B) , were purified by affinity chromatography under denaturing conditions (i.e., in the presence of 8 M urea, which would efficiently remove proteins indirectly bound to IbpB, as well as those proteins non-specifically bound to the resin). After separation by SDS-PAGE (Fig. 2) , the protein bands other than the monomers of IbpB were then collected and subjected to protein identification analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS), with the results shown in Tables S1-S3. In our study, LC-MS/MS were performed repeatedly for each sample and only those proteins with a MASCOT score (41) being larger than the threshold value were considered as IbpB-bound proteins significantly (p<0.05, for details, see the Experimental Procedure section). Additionally, to remove the false-positive results, the F16Bpa variant without in vivo photo-crosslinking was purified by the same procedure (lane 2 in Fig. 2 ) and subjected to protein identification analysis as a control. Tables S1, S2 and S3, and summarized in (the lower part of Fig. 3A) .
All proteins identified with each Bpa variant were listed in
We also performed genetic studies to find out whether these identified protein are substrate proteins of IbpB. For this purpose, we analyzed the level of thermal aggregation of these proteins, also represented by EF-Tu and TnaA, in IbpB-deficient cells cultured under the heat shock condition. Immunoblotting data presented in Fig. 3B demonstrate that the level of aggregation for both EF-Tu and TnaA was dramatically increased in the heat shocked ∆ibpB cells but was hardly detectable in wild type cells. Further, we found that the purified IbpB was able to efficiently suppress the thermal aggregation of the purified TnaA under in vitro conditions (Fig. 3C) , a standard approach for assaying the chaperone activities of sHSPs in general that are resulted from the formation of sHSP-substrate complexes (20) .
Further, we attempted to find out whether these IbpB-bound proteins as a whole, in similarity to EF-Tu and TnaA (Fig. 3B) , are more prone to aggregation in IbpB-deficient cells under the heat shock condition. To this end, we did observe a significantly higher level of thermally aggregated proteins in ∆ibpB cells in comparison with that in the wild type cells (lane 6 versus 3 in Fig. 3D ). This is in line with the earlier report that the deletion of ibpB and its homolog (ibpA) in E. coli cells resulted in an increase in protein aggregation (44) . To unveil what proteins formed aggregates only in the ∆ibpB cells but not in the wild type cells, we then collected such aggregated proteins from both types of cells and subjected them to protein identification by using LC-MS/MS.
The results indicate that the identified IbpB-bound proteins as a whole are indeed more prone to aggregation in IbpB-deficient cells under the heat shock condition. In particular, among a total of 32 proteins identified as being specifically present in the aggregates of the ∆ibpB cells, 21 were found as the IbpB-bound proteins from in vivo photo-crosslinking analysis ( Table S4) . As a validation, TnaA and EF-Tu that had been detected in the aggregates of the ∆ibpB cells by immunoblotting analysis (Fig. 3B) were also found among the 32 proteins (Table S4) . Together, all these observations indicate that IbpB is able to function as a chaperone in suppressing the thermal aggregation of its natural substrate proteins under both in vivo and in vitro conditions. The high deviation in the number of identified proteins from such aggregates and from photo-crosslinking might be due to the following reason. The aggregates would only be formed and isolatable for those proteins present at relative high concentrations in the cells, while photo-crosslinking would be able to capture proteins of far wider range of concentrations. Additionally, certain IbpB substrate proteins might also be protected by other molecular chaperons (e.g., IbpA, DnaK and GroEL) and thus would not appear in the aggregates in the ∆ibpB cells.
Last but not least, our protein identification data also find support from earlier studies of others. For instance, a few of the proteins identified here (e.g., EF-Tu, GatY, LpdA, MreB, TnaA and GadA/GadB) were found to be associated with IbpB via conventional non-covalent purifications (45-46). In particular, both EF-Tu and TnaA were found to be pre-dominant IbpB-interacting proteins by using formaldehyde-medicated chemical crosslinking in our earlier study(34). Consistent with this they were identified by photo-crosslinking with high MASCOT scores (for details, see Table S1 and S2), which, to certain degree (41), reflect the high amount of these two proteins in the purified photo-crosslinked products of IbpB. In addition, IbpA, which is known to interact and also functionally cooperate with IbpB (15, 45, 47) , was also identified here (Part II in Table  S3 ). Further, fructose-1,6-biphosphate aldolase (FbaB) and alcohol dehydrogenase (AdhE), both being protected by IbpA/IbpB in cells under heat shock conditions (44, 48), were identified here (Table S2) .
IbpB exhibits remarkable substrate preference to translation-related proteins that are prone to aggregation in IbpB-deficient cells under the heat shock condition A literature search indicates that these IbpB-bound proteins, with a total number of 113, function in a variety of essential cellular processes ( Table 2) , including metabolism, DNA replication, recombination and repair, gene transcription, translation, protein quality control, and so on. This is in line with the earlier report on Hsp16.6 (32).
The most novel observation is that, among the 95 substrate proteins bound to IbpB at 50 o C, 19
are translation-related proteins ( Table 2; for details see Table S1 ), including ribosomal proteins, translation factors like EF-Tu, and many amino-acyl tRNA synthetases. The occurrence of such translation-related proteins is 19.6%, more than three times higher than their basal ratio being 5.7% in the proteome or 4.1% in the genome of the E. coli cells (p<0.001; Table 2 ). This result strongly suggests that IbpB preferentially protects translation-related proteins under the heat shock condition. In support of this, among the 32 thermally aggregated proteins in ∆ibpB cells, 7 or 21.9% are translation-related ( Table 2) , being almost three times higher than their basal level in the proteome (p<0.01), and 5 of the 7 aggregated translation-related proteins were already identified as IbpB-bound proteins by the in vivo photo-crosslinking (Table S5) . Taken together, our observations suggest that, on the one hand, the translation-related proteins are prone to aggregation under the heat shock condition, and on the other hand, IbpB is able to protect them under such conditions in living cells. Table 2 ). These metabolic enzymes (listed in Table S2 ) include those involved in carbohydrate metabolism (e.g., AceB, GltA, AcnB), amino acid metabolism (e.g., PutA, AspC, TnaA), lipid metabolism (e.g., FabB, GlpK), oxidative respiration (e.g., NuoC and CyoA) and ATP synthesis (e.g., AtpA and AtpD).
IbpB
We next examined whether IbpB is able to protect stress-induced enzymatic inactivation in cells. In retrospect, fructose-1,6-biphosphate aldolase and alcohol dehydrogenase, two enzymes here identified as IbpB-bound proteins (Table S2) , had been reported to be protected from thermal inactivation in cells by IbpB (44, 48). Here we examined the effect of ibpB deletion on the enzymatic activity of two E. coli catalases (KatE and KatG) that were both identified as IbpB-bound proteins (Table S2) . Data presented in Fig. 4A revealed a significant decrease in the cellular catalase activity of ∆ibpB cells when treated by heat shock or H 2 O 2 , but not in wild-type cells. In particular, when a combination stress of heat shock and H 2 O 2 was applied, the catalase activity of ∆ibpB was hardly detectable but was maintained at a significant level in wild type cells (Fig. 4A) Fig. 4B ), suggesting that certain E. coli proteins became more vulnerable to oxidation in the absence of IbpB.
Discussion
Here we utilized the in vivo photo-crosslinking approach to characterize the substrate proteins of sHSPs in living cells, and identified over one hundred natural substrate proteins for IbpB. Importantly, we show that IbpB, although being able to protect a wide range of cellular proteins as commonly believed for sHSPs (32), remarkably shows a significant substrate preference to translation-related proteins and metabolic enzymes. These findings offer novel insights into the chaperone function and mechanism of sHSPs.
A comparison of the protein abundance histograms of the E. coli proteome and the IbpB substrate proteins ( Figures S2A and S2B) indicates that the latter are found to be relatively abundant. However, our conclusion that IbpB has a substrate preference is validated by the following three facts. Firstly, among the eight most abundant proteins present in the E. coli proteome (http:pax-db.org), only tufB, tufA and MDH were identified as IbpB substrate proteins in our study (tufB and tufA, being different at only one residue, are usually termed together as EF-Tu), while the others (i.e., RplL, cspC, gapA, eno, groEL) were not identified as IbpB substrates. Secondly, some IbpB substrate proteins (e.g., fdnG, gatC and PolB) were found to be expressed at relatively low levels, only accounting for around one ten thousandth of EF-Tu level (for details, see Table S6 ). Thirdly and more convincingly, EF-Tu, as the most abundant protein among the E. coli proteome, was found to be an IbpB substrate protein only at 50 o C but not at 30 o C (Table S1 and Figure  3A ) although present at the same level at both temperatures ( Figures 3A and 4B) .
Apparently, protein abundance is not the determining factor for a protein to be bound with IbpB. Rather, the principal factor determining such interaction is most likely the aggregation tendency of the protein during its folding/unfolding, which has been well recorded in earlier studies (51) (52) (53) (54) (55) (56) .
Functional diversity of substrate proteins of sHSPs
With retrospect, sHSPs were reported to nearly interact with all types of aggregation-prone model substrate proteins under in vitro conditions (9, 16, 25, 56) . These substrate proteins are structurally and functionally diversified, and include but are not limited to metabolic enzymes (e.g., α-glucosidase, phosphoglucose isomerase, glutathione S-transferase, enolase, aldolase, lactate dehydrogenase, citrate synthase, carbonic anhydrase, malate dehydrogenase, alcohol dehydrogenase, xylose reductase, β-galactosidase), cytoskeleton proteins (e.g., β-actin and β-tubulin), and other functions (e.g., elastase, luciferase, lysozyme, Ataxin-3, Sup35, α-synuclein, α-lactalbumin, Abrin, β-crystallin, γ-crystallin, titin) and even include peptides (insulin B chain and melitin). More importantly, identification of substrate proteins of a single sHSP (bacterial Hsp16.6 or Hsp20.2) by conventional co-purification indicated that the sHSP was able to protect a wide range of cellular proteins (32-33).
The broad substrate spectrum of bacterial sHSPs has been unequivocally demonstrated by our study reported here, as IbpB-bound proteins were found to participate in metabolism, DNA replication, recombination and repair, gene transcription; protein synthesis; transportation; cell shape and division (Tables S1-S3) . Nevertheless, the substrate functional diversity of eukaryotic sHSPs is largely unknown. Given that the genomes of eukaryotes usually encode a larger number of sHSPs than those of prokaryotes (4) and that the eukaryotic sHSPs may have different sub-cellular compartments (57) (58) and cell/tissue specificity (59), it is speculated that the function spectrum of substrate proteins of eukaryotic sHSPs would not be so broad as that of prokaryotic sHSPs.
Preferential protection on translation-related proteins and metabolic enzymes may dominantly contribute to the protective effect of sHSPs on cells against stresses
Despite of its substrate functional diversity, our data also reveal that IbpB has a remarkable substrate preference to translation-related proteins, which appear more prone to aggregation in cells lacking IbpB under the heat shock condition (Tables 2 and S5) . We noticed that translation-related proteins were even more substantially enriched in the substrate proteins of Hsp20.2 that were identified from the thermally treated cell extract (33). In light of these observations, it is conceivable that preferential protection on protein synthesis machine apparently represents one of the primary functions of sHSPs in living cells under heat shock conditions. It follows that such protective effect on protein synthesis machines would substantially contribute to the commonly observed increase of thermotolerance of E. coli cells elicited by the over-expression of sHSPs (e.g., IbpB) (43, 60-62), although protection on other cellular components, including cell membranes (17) (18) (19) , may also be involved.
We also detected a significant substrate preference of IbpB to metabolic enzymes ( Table 2) , of which representative ones were found to be more vulnerable to stress-induced inactivation in cells lacking IbpB by us (Fig.  4A) and others (44, 48). Whereas preferential protection of each metabolic enzyme by IbpB may have specific biologic effects, as indicated by the decrease of catalase activity and the related increase of protein carbonylation in ΔibpB cells under stress conditions (Fig. 4) , one primary benefit from the protection of IbpB on metabolic enzymes as a whole may be linked to protein synthesis, a cellular process whose functional integrity definitely requires both abundant amino acids and ATP. In support of this, IbpB-bound metabolic enzymes include many proteins involved in amino acid metabolism and energy production/conversion (Table S2) . In this respect, preferential protection of IbpB on metabolic enzymes is partially intrinsically linked to its preferential protection on the translation-related proteins.
In addition, functional profiling of the substrates identified for each Bpa variant of IbpB (Table S7) reveal that metabolic enzymes seem to be preferentially bound to residues located in the N-terminal region (F16 and N25) while translation-related proteins are preferentially bound to residues located in both the N-terminal region (F16) and α-crystallin domain (Y45 and R67). These observations suggest that each functional class of substrate proteins might be preferentially bound to certain positions in IbpB.
Other notable observations
ClpP Given that molecular chaperones are believed to function as a network in cells (1) , it is of interest to notice that IbpA, another sHSP in E. coli, and ClpP, the protease subunit of Hsp100, were both identified here as IbpB-interacting proteins (Part II in Table S3 ). The detection of IbpA is in line with earlier reports, where IbpB and IbpA were found to function in a cooperative manner (11, 15, 47) . Given that ClpB, the chaperone subunit of Hsp100, was found to be functionally related to IbpB (11, 15, 47, 63) , identification of ClpP as IbpB-interacting proteins strongly implicate that Hsp100 would not only help release the IbpB-bound substrate proteins (via the ClpB subunit) but also further degrade them (via the ClpP subunit), which worth further examination.
DnaK Surprisingly, DnaK, which has been reported to assist the refolding/reactivation of the substrate proteins of IbpB (10-11, 15, 47), was not identified here as an IbpB-interacting protein. One likely explanation for this observation is that DnaK functionally cooperates with IbpB by interacting with the substrate protein but not directly with IbpB. Alternatively, it might be resulted from the non-exhaustive nature of our photo-crosslinking experiments, i.e., residues other than these five Bpa incorporations may interact with DnaK.
Secretory proteins Additionally, seven proteins in the outer membrane (LamB, OmpC, OmpF, Lpp, OsmE, Pal and YbaY) and two in the periplasm (FdnG and MdoG) were also identified as IbpB-bound proteins. We noticed that the cytoplasmic chaperone GroEL was also reported to interact with some proteins localized in the outer membrane and periplasm (64). Whether these secretory nascent polypeptides bound by cytoplasmic chaperones (IbpB or GroEL) are processed for the downstream biogenesis (e.g., the Sec-system assisted translocation across the inner membrane (65)), or destined to degradation by cytoplasmic proteases (e.g., ClpP), merits further explorations. In addition, three integral membrane proteins (CcmH, CyoA, and GatC) and one membrane anchored protein (MetQ) were identified, implicating that the observed protective effect of sHSPs on cell membrane (18) may be, partially, resulted from their chaperone functions on those membrane proteins.
Last but not least, we analyzed the properties of these IbpB substrate proteins in terms of the content of hydrophobic residues, charged residues and secondary structural elements by referring to the E. coli proteome. The histogram data (data not shown) reveal that IbpB substrate proteins are more concentrated in regions of high percentage of negatively or positively charged residues, and also of high percentage of coil or beta-sheet structures. On the other hand, they are concentrated in regions of middle percentage of hydrophobic residues or alpha-helix structures (data not shown). All these observations indicate that IbpB may selectively bind substrates of certain structural features, the biological significance of which merits further investigations. Tables S1-S3 . The F16Bpa protein without in vivo photo-crosslinking was also purified in parallel (lane 2) and used as a negative control. (Table S4) . In Panels B, C and D: T, total proteins; S, soluble proteins; P: protein aggregates (pellet). 
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